Two non-coding DNA classes, introns and intergenic regions, of Drosophila melanogaster exhibit contrasting evolutionary patterns. GC content is significantly higher in intergenic regions and affects their degree of nucleotide variability. Divergence is positively correlated with recombination rate in intergenic regions, but not in introns. We argue that these differences are due to different selective constraints rather than mutational or recombinational mechanisms.
INTRODUCTION
Non-coding DNA is becoming increasingly important in studies of genome evolution, with ample evidence for functional and selective constraints in introns (INs) and intergenic regions (IGs; e.g. Halligan et al. 2004; Andolfatto 2005) . Although these forces are not well characterized and generally accepted models for the evolution of INs and IGs have not been formulated, it is clear that functional requirements, and thus selective constraints, may vary between these two classes of DNA. For instance, selective constraints due to the presence of pre-mRNA secondary structures exist only in INs, not in IGs (Chen & Stephan 2006) . Using a multi-locus dataset from Drosophila melanogaster, we investigate here whether these differences in selective constraints lead to differential sequence patterns, or whether sequence composition and the dynamics of nucleotide substitution in IGs and INs have primarily been shaped by mutational/recombinational processes. Since we do not find convincing explanations based on these genetic mechanisms, selection appears to be the most likely cause of the observed differential sequence patterns in IGs and INs.
MATERIAL AND METHODS
We analysed the X-linked loci sequenced in an African sample (10-12 lines) of D. melanogaster (Ometto et al. 2005b ) for which we could obtain homologues in both D. simulans (by sequencing or BLAST) and D. yakuba (by BLAST We computed basic population genetics statistics, such as q (Watterson 1975) , p (Tajima 1983) , divergence and Tajima's D (Tajima 1989) , using the programme NEUTRALITYTEST, kindly provided by H. Li.
Additional details are provided in electronic supplementary material.
RESULTS
We discovered several differences in the sequence patterns of INs and IGs (summarized in tables 1-3). Although levels of polymorphism and the frequency spectrum are similar in IGs and INs (Wilcoxon test, pZ0.898 and pZ0.270, respectively), divergence patterns are strikingly different. IGs tend to be less diverged than INs from D. simulans (pZ0.045) and D. yakuba (pZ0.075). More remarkable are the discrepancies with regard to the correlation between divergence and recombination rate (Ometto et al. 2005b To examine these differences, we analysed base composition and mutation patterns (table 2). In all three species, INs are less GC-rich than IGs ( p!0.001; table 1 of electronic supplementary material). Polarizing a total of 1920 and 1564 SNPs in INs and IGs, respectively, shows that GC nucleotides exhibit a stronger tendency to mutate to AT than vice versa (p!0.0001; table 2). The analysis of the frequency spectra revealed that AT/GC polymorphisms segregate at a significantly higher average frequency (0.291G0.009;G1 s.e.) than GC/AT ones (0.256G0.006; p!0.001). This is also found when INs and IGs are considered separately (figure 1 of electronic supplementary material). However, clear differences between INs and IGs emerge when the recombination gradient is included as a variable in the analysis. In INs, recombination rate neither correlates with the frequency of AT/GC and GC/ AT changes (rZK0.019, pZ0.681 and rZ0.054, pZ0.122, respectively) nor with GC content (rZK0.086, pZ0.362). The situation is distinctly different for IGs, where recombination rate shows a significantly positive correlation with the frequency of AT/GC polymorphisms (rZ0.099, pZ0.042; for Drosophila Singh et al. 2005) . The first observation suggests a recombination-associated fixation bias for GC polymorphisms (e.g. GC-biased gene conversion; Galtier et al. 2006) . If so, the observed negative correlation between GC content and recombination rate indicates that such bias is counteracted by other forces and/or has emerged only recently in D. melanogaster X-linked IGs. Yet, these findings do not explain the high GC content of IGs and the origin of the correlation with recombination rate.
To examine possible fixation biases, we polarized 915 and 699 fixed substitutions in D. melanogaster INs and IGs, respectively. The McDonald-Kreitman test (McDonald & Kreitman 1991) revealed that more AT/GC polymorphisms went to fixation than GC/AT ones ( pZ0.004 and pZ0.001, for IGs and INs, respectively; two-tailed Fisher's exact test). However, we could not detect any bias in the fixation pattern to explain the difference in base composition. There is no difference in the asymmetry of the mutational pattern or in AT enrichment between IGs and INs (i.e. fixed GC/AT versus AT/GC; data not shown).
Can insertions and deletions contribute to the difference in base composition? Interestingly, fixed inserted DNA is more GC-rich than when segregating ( pZ0.001). In INs, it is also more GC-rich than deleted DNA (for details, see electronic supplementary material). However, when we accounted for the net gain/loss of DNA due to the action of deletions and insertions, no difference between GC enrichment in INs and IGs is evident ( pO0.626 in both segregating indels or indels fixed along the D. melanogaster lineage). Thus, indel dynamics do not seem to be responsible for the contrasting pattern in base composition between INs and IGs either.
DISCUSSION
The evolution of IGs and INs of Drosophila, two non-coding DNA classes, differ in subtle, but important ways (summarized in table 3). Most importantly, in the GC-rich IGs, sequence divergence tends to be lower and correlates with recombination rate, whereas the opposite is found in INs.
One explanation for the higher AT content of INs versus IGs may be a differential mutation pressure in transcribed versus non-transcribed regions, i.e. the so-called transcription-associated mutation bias (e.g. Sekelsky et al. 2000) . However, we could not find differences in the mutation or fixation pattern that would support this explanation. INs do not show a higher fraction of GC/AT changes than IGs, either as polymorphisms or as fixations.
An alternative explanation for the higher AT content of INs is that we are observing ancient signatures of neutral/non-neutral forces not produced by the present mutation/substitution pattern. To investigate this possibility, we calculated GC composition at equilibrium (GC Ã ; Sueoka 1962) inferring mutation rate from polymorphism. GC Ã is lower than the observed GC content (p!0.05, in INs and IGs).
Thus, we cannot exclude a recent D. melanogasterspecific change in mutation bias (in line with older AT/GC polymorphisms being at higher frequency than more recent GC/AT ones; Kern & Begun 2005) or in the substitution pattern (in D. melanogaster GC/AT substitutions are more numerous than AT/GC ones, whereas the opposite is found in D. simulans, p!0.0001; see electronic supplementary material). Such changes, however, should be found in both non-coding DNAs. Since the difference in base composition between INs and IGs holds in all three species studied, they cannot explain the observations.
The contrast in substitution pattern between D. melanogaster and D. simulans and the higher frequency of AT/GC polymorphisms (relative to GC/AT ones) are also consistent with the low codon bias of D. melanogaster (favourable codons end in either G or C), which Akashi (1996) attributed to a relaxation of selection in this species. Such a relaxation, possibly due to a reduced effective population size (e.g. Ometto et al. 2005b) , would have caused the fixation of otherwise non-preferred alleles (AT in this case), while the older AT/GC polymorphisms reached higher frequency. In agreement with this hypothesis, divergence calculated along the D. melanogaster lineage (see electronic supplementary material) is higher than that along the D. simulans one (pZ0.0075; see also Akashi 1996; Kern & Begun 2005) . This would also explain the excess of GC/ AT polymorphisms relative to substitutions, with the former being more affected by a change in selection efficiency.
Next, we search for an explanation of our findings that recombination is positively correlated with nucleotide divergence (table 3) . This observation may be explained by the hypothesis that recombination itself is mutagenic. However, this positive correlation holds only in IGs, and not in INs, similar to the correlation between recombination rate and q (rZ0.186, pZ0.07 and rZ0.049, pZ0.601 for IGs and INs, respectively). Moreover, GC-rich composition appears to reduce the (speed of) accumulation of new mutations, and in IGs recombination is negatively correlated with GC. Indeed, in IGs the partial correlation coefficients (95% CI) of GC content versus divergence (controlling for recombination), GC content versus recombination (controlling for divergence), and divergence versus recombination (controlling for GC content) are K0.302 (K0.476, K0.105), K0.224 (K0.409, K0.021) and 0.172 (K0.033, 0.363), respectively. Equivalent results are obtained when q is analysed instead of divergence (not shown). This suggests that both recombination and GC content affect the levels of nucleotide divergence and polymorphism, since each of them correlates with divergence (after controlling for the effects of the other variable). Indeed, divergence from D. simulans is negatively correlated with GC content (p!0.0001, for IGs and INs; Haddrill et al. 2005) .
Is there a link between GC content and the constraints limiting divergence? Since a sequence not conserved across species is less likely to contain functionally important DNA (e.g. Ometto et al. 2005a) , the absence of insertions or deletions can be used as a proxy for selective constraints. Interestingly, we found evidence that selective constraints, corresponding to blocks of less diverged DNA and possibly corresponding to functional elements, are more important in IG sequences, especially in regions with low recombination and high GC content (see electronic supplementary material). Thus, selective constraints may be involved in shaping the evolution of IGs across the recombination gradient if we assume that functional elements are primarily under purifying selection.
Recently, Andolfatto (2005) showed evidence for adaptive evolution in non-coding DNA of the X chromosome of D. melanogaster. This finding raises the intriguing possibility that the positive correlation we observed between recombination rate and divergence might be the signature of positive selection being more effective in regions of high recombination (e.g. Presgraves 2005 (Akashi 1996) .
Based on these arguments, it appears that different neutral and selective forces are acting on non-coding DNA (table 3) . Since we could not find clear evidence for neutral (i.e. genetic) forces operating differentially in IGs versus INs, selection seems to be involved in producing the differences observed between these two regions; but, why does selection operate differently in these DNAs? The requirements for functional elements in INs and IGs are clearly different. For instance, in INs pre-mRNA secondary structures play an important role. This may lead to a form of epistatic selection with long-range fitness interactions and a relatively high AT content to avoid structures that are too stable (Chen & Stephan 2006) . In contrast, in IGs directional selection at multiple, relatively independent sites (due to the modular organization of regulatory elements) may be more important, which could explain the observed correlations with recombination rate.
